Kalopanax septemlobus is a medicinal woody species of the family Araliaceae, and the pharmaceutical properties of saponins obtained from K. septemlobus suggest that K. septemlobus has the potential to be a crude drug and dietary health supplement. In this study, we established cell suspension culture of K. septemlobus to develop a sustainable source of natura-ceuticals. Friable calli were used for establishing cell suspension culture. The maximum amount of total saponins (1.56 mg/60 ml suspension) was obtained during the 15th day of incubation, whereas the maximum capacity of saponin production was reached after day 6 (0.42 μg/mg of fresh weight). The total saponin production in the cell suspension of K. septemlobus was significantly increased by coronatine (COR) at 160% at a dose of 1 μM compared with the mock-treated control, whereas methyl jasmonate treated cells exhibited less increase in total saponin level as compared to the COR-treated cells. In addition, the elicitation of COR strongly induced the expression of beta-amyrin synthase, thus resulting in the accumulation of oleanolic acid (2.369 ± 0.98 μg/mg of extract), a precursor for oleanane-type triterpene saponins. These results indicate that COR is an efficient elicitor for inducing phytochemicals in cell suspension culture and that it provides the possibility for producing saponins of K. septemlobus using cell suspension culture.
Introduction
Known as castor aralia or prickly castor oil tree, Kalopanax septemlobus (synonymous with Kalopanax pictus) is a deciduous tree used in traditional medicine (Hyun and Kim 2009; Park et al. 2016) . Since the stem bark of K. septemlobus has been used as a traditional crude drug for the treatment of rheumatic arthritis and neurotic pain, current pharmaceutical studies suggest that the anti-inflammatory effect of the stem bark extract is due to the inhibition of the nuclear factor-κB (NF-κB) translocation into the nucleus by the suppression of IκB-α (inhibitor of NF-κB) phosphorylation and degradation (Bang et al. 2010 ). In addition, in the extract of K. septemlobus, saponins, polyacetylenes, isoquinoline alkaloid, lignans, phenylpropanoid glycosides, and phenolic glycosides have been reported to have a range of biological effects, including antioxidant, antimicrobial, anti-diabetic, anti-inflammatory, and anticancer (Hu et al. 2012; Quang et al. 2013; Salunke et al. 2014; Moon et al. 2015; Park et al. 2016) . Although these findings suggest that K. septemlobus has the potential to be a crude drug and a dietary health supplement, the wild or cultivated source of this plant is not economically feasible because of several limitations, such as long germination period, propagation problem, long growth period, and variation of secondary metabolites by environmental change (Moon et al. 2005) . Therefore, the development of an economically viable and environmentally sustainable source for secondary metabolite production remains an outstanding challenge in industrial crops.
The production of valuable secondary metabolites in plant cell or organ cultures should be an attractive alternative to the traditional cultivation (Murthy et al. 2014) . The important advantage of plant suspension culture system is that it is a homogeneous population of nearly identical cells 1 3 59 Page 2 of 7 and that is independent of geographical, seasonal, and environmental variations (Ochoa-Villarreal et al. 2016) . These advantages have made the plant suspension culture system important in the production of natural products associated with the cosmetic, food, and pharmaceutical industries (Ochoa-Villarreal et al. 2016) . However, the application of this system for the production of secondary metabolites is limited by low product yields and challenges in scaling up (Wilson and Roberts 2012) . To overcome these limitations, various strategies, including elicitation and metabolic engineering using genetic modification techniques, have been introduced.
Most bioactive compounds found in plants belong to a secondary metabolite, which varies because of environmental factors. In fact, various environmental stresses and chemical treatments have been shown to affect the variation in concentration and composition of secondary metabolites (Ochoa-Villarreal et al. 2016) , thus suggesting that secondary metabolites play an important role in plant defense and protection against biotic and abiotic stresses. Elicitors [e.g., ultraviolet, light, chitin, salicylic acid, and methyl jasmonate (MeJA)] are used to induce a metabolic shift from growth to defense in many plant species (Wilson and Roberts 2012) . The treatment of elicitors was able to increase the production yield of some natural products starting from 1.0 to a maximum of 2230-fold across plant species (Giri and Zaheer 2016) . Using differentiated cells (hairy root, adventitious root, callus, and cambial meristematic cells), the differential effect of elicitors on secondary metabolites was introduced Giri and Zaheer 2016; Ochoa-Villarreal et al. 2016 ). This finding indicates that elicitation is a useful method to increase secondary metabolite accumulation in plant cell cultures, but the optimization of elicitation condition should be required for improving production yield.
To achieve a stable production of saponins in K. septemlobus, we introduced the callus suspension culture of K. septemlobus in this study. Moreover, the effects of elicitors, MeJA, and coronatine (COR) on the production of saponins and the expression of genes involved in the biosynthesis pathway of saponins were compared to optimize the elicitation condition.
Materials and methods

Plant materials and culture conditions
Callus of K. septemlobus was induced as described by Kim and Moon (2009) using a callus induction medium containing Murashige and Skoog (MS) solid media supplemented with 1.0 mg/l 2,4-dichlorophenoxyacetic acid (2,4-D), 3% sucrose, and 0.7% plant agar. All cultures were kept in a dark condition at 24 °C. The friable callus was subcultured into callus induction medium regularly for 4 weeks and was used to establish the cell suspension cultures.
Establishment of cell suspension cultures
To establish suspension cultures, friable calli were transferred into the liquid MS medium (50 ml) containing 1.0 mg/l 2,4-D and 3% sucrose in a 300-ml Erlenmeyer flask. All culture flasks were incubated on a rotary shaker at 120 rpm and 24 °C in a dark condition. Although 2,4-D promoted the growth and biomass of suspension-cultured cells, it induced the abnormal growth of cells. Therefore, to stabilize the suspension cultures, the suspension-cultured cells were continuously subcultured in a medium containing a lower content of 2,4-D than before. Finally, the suspension cultures were established in the medium without 2,4-D. 10 ml of suspension-cultured cells was transferred to a 300-ml Erlenmeyer flask, which contained 50 ml of liquid MS medium consisting of 3% sucrose, and subcultured every week.
Analysis of cell growth and elicitor treatment
The growth of the suspension-cultured cells against different incubation periods up to 15 days was analyzed. Approximately 0.7 g fresh weight of seven-day-old cultured cells was subcultured, and the cells were harvested at different time points using vacuum filtration for fresh weight determination. The harvested cells were frozen in liquid nitrogen and then stored at − 80 °C until analysis.
For elicitor treatment, 6-day-old suspension-cultured cells were treated with different concentrations of MeJA (50, 100, and 250 µM), COR (0.5, 1, and 2.5 µM), or solvent alone as the mock control and further incubated for 4 days. The cells were harvested by vacuum filtration and then frozen in liquid nitrogen.
Determination of total saponin
The content of total saponin was determined using an anisaldehyde reagent as described by Vador et al. (2012) . 50 mg (fresh weight) of the sample was suspended in hexane to remove fat. The defatted samples were air dried and mixed with 2 ml of methanol (6 h × 3 times) for saponin extraction. All the supernatants of the methanol extracts were pooled, and methanol was evaporated using a rotary evaporator (IKA RV8, IKA, Staufen, Germany). The crude saponin was dissolved in 1 ml of ethyl acetate. 
Determination of oleanolic acid content
The freeze-dried cells (1 g) were soaked in methanol [1:15 dry weight material to MeOH (ml)] for 1 h and sonicated for 10 min using an ultrasonic bath (DAIHAN-Sci, Wonjusi, South Korea). This process was repeated three times, and the extracts were concentrated by evaporation.
To determine the concentration of oleanolic acid in the extracts, the HPLC analysis was conducted with an Agilent 1200 chromatograph equipped with a diode array detector (Agilent Technologies, Waldbronn, Germany). The separation was performed using a Shiseido CAPCELL PAK-C18 column (4.6 mm × 150 mm, particle size 5.0 μm) using the mobile phase of MeOH/H 2 O (95:5, v/v) at a flow rate of 0.4 ml/min, and the reading was taken at 215 nm as described by Xu et al. (2012) . A standard calibration curve of oleanolic acid was constructed in the concentration range of 100 ng to 10 μg (y = 159.09x − 5.8357, R 2 = 0.9999).
Identification and expression analysis of genes involved in saponin biosynthesis
To identify the genes involved in the biosynthesis of saponin, we downloaded SRA (Sequence Read Archive) dataset for the transcriptome sequencing of K. septemlobus nonembryogenic callus (SRX375488). Moreover, the CLC Genomics Workbench and Main Workbench (Insilicogen, Yongin-si, South Korea) were used for the assembly and generation of a local BLAST database. The protein and mRNA sequences of Panax ginseng squalene epoxidase (FJ393274), cycloartenol synthase (AB009029), and betaamyrin synthase (AB014057) were used as queries in the search against the K. septemlobus transcriptome dataset. Total RNA was extracted using the FavorPrep™ plant total RNA purification mini kit (FAVORGEN Biotech Corporation, Ping-Tung, Taiwan) according to the manufacturer's instructions. cDNA was synthesized using the ReverTra Ace ® qPCR RT Master Mix with qDNA Remover (TOY-OBO, Co., Ltd, Osaka, Japan) in accordance with the manufacturer's recommendations. qRT-PCR was performed using the SYBR ® Green Real-time PCR Master Mix (TOYOBO, Co., Ltd, Osaka, Japan) in the CFX96™ Real-time system (BIO-RAD) with default parameters. The expression level of each gene was normalized to actin, and three technical replicates were performed in each biological replicate. The specific primer pairs used in qRT-PCR are listed in Table 1 .
Statistical analysis
Statistical analyses were conducted by the ANOVA test using a statistical package program (SPSS 10.0). Duncan's test was used to determine the significance of the differences between the groups. Differences at p < 0.05 were considered significant.
Results
Production of saponins in a K. septemlobus suspension culture
Cell suspension cultures were initiated from friable calli grown on a callus induction medium. The suspended cells were yellowish and presented dispersed cells, thus resulting in a fine milky suspension (Fig. 1) . Cell growth was determined in a liquid MS medium containing 3% sucrose by recording the fresh weight of cells every three days. As shown in Fig. 1 , biomass was increased from 0.7 to 4 g in 15 days. The typical growth curve was obtained with a lag phase until 3 days, and the log phase growth began on the third day until the 12th day. Although biomass was increased on the 15th day of cell culture, the cells became dark brown because of the senescence of the cells or cell death (Fig. 1) .
To investigate the capacity of the K. septemlobus suspension culture to synthesize saponins, the variation of total saponin content during the culture period was analyzed. The total saponin production increased significantly according to the culture period, and the maximum yield of total saponin produced by the K. septemlobus suspension culture was reached at 15 days (1.56 mg/60 ml suspension) (Fig. 2a) . At the end of the culture, the production of saponin obtained was almost six times higher than that at the beginning. The highest saponin production capacity of cells was observed after day 6 (0.42 μg/mg of fresh weight), and it decreased after day 9 (0.37 μg/mg of fresh weight) (Fig. 2b) . These findings indicate that increased biomass is correlated with saponin accumulation according to time courses, but the capacity of saponin production may not be linked to cell growth. The physiological state of the cells for elicitation is critical in the manipulation of secondary metabolite accumulation. In most cases, the maximum response of the cells was observed when they were stimulated at the end of the log phase or at the beginning of the stationary phase (Ramirez-Estrada et al. 2016 ). In the case of the K. septemlobus suspension culture, the beginning of the cell color change from yellow to dark brown was observed after day 12 (beginning of the stationary phase). Therefore, cells in the mid-log phase (day 6) showed the highest capacity of saponin production (Fig. 2b) , and they were used for further analysis.
Effect of MeJA and COR on saponin production
MeJA is an important signal molecule that regulates a wide range of plant physiology, including plant growth and development, pollen production, and plant resistance against abiotic and biotic stresses (Wu et al. 2008) , whereas COR is a non-host-specific phytotoxin produced by various strains of Pseudomonas syringae and a structural mimic of the plant hormone jasmonic acid isoleucine (Geng et al. 2014) . Although MeJA and COR play a role during incompatible plant-pathogen interactions, they have been successfully used as an effective elicitor to enhance the production of secondary metabolites from the cell suspension culture of various plants (Giri and Zaheer 2016; Ramirez-Estrada et al. 2016) . Therefore, to investigate the effect of MeJA and COR on the product yield of saponins in the K. septemlobus suspension culture, the cell suspension of K. septemlobus was treated with different levels of MeJA or COR after 6 days of cultivation. Four days after the treatment of each elicitor, the fresh weight and total saponin content were analyzed. As shown in Fig. 3a , all the tested concentrations of MeJA or COR did not exhibit an inhibitory effect on cell growth. When COR was applied to cell cultures, the increasing level of saponins was observed (Fig. 3b) . The total saponin content was increased about 159 and 160% with 0.5 and 1 μM of COR, respectively, compared with that in the mock-treated cells. However, further dosage increase (2.5 μM) decreased the total saponin production compared with the 1 μM COR treatment. In the case of MeJA, total saponin production was less affected by the addition of MeJA than that of COR. The maximum level of saponin production increased to 115% when the cell cultures were treated with MeJA (Fig. 3b) . These findings indicate that COR is a more powerful elicitor to improve the saponin production yield in K. septemlobus suspension culture.
Effect of COR on the expression of the genes involved in saponin biosynthesis
Structurally, saponins are classified into steroid and triterpenoid saponins that are synthesized from isopentenyl diphosphate produced by the methylerythritol phosphate pathway and mevalonate pathway. Both triterpenoid and steroidal aglycone backbones are derived from the linear 30-carbon precursor squalene, which is oxidized to 2,3-oxidosqualene by squalene epoxidase (SQE) (Moses et al. 2014a ). Cycloartenol synthase (CAS) catalyzes 2,3-oxidosqualene to cycloartenol (the precursor for steroidal saponins), whereas oxidoreductases, including beta-amyrin synthase (bAS) and lupeol synthase, catalyze 2,3-oxidosqualene to beta-amyrin (basic precursor for oleanane-type saponins) or alpha-amyrin (basic precursor for ursane-type saponins) (Moses et al. 2014b ). Most of the triterpenoid saponins from K. septemlobus were oleanane-type saponins (Quang et al. 2011) , thus indicating that CAS, SQE, and bAS are the key enzymes involved in saponin biosynthesis of K. septemlobus. Therefore, to investigate the mode of action of COR in saponin biosynthesis, we identified four unigenes that encode three putative SQEs and bAS from the SRA dataset for the transcriptome sequencing of a K. septemlobus non-embryogenic callus. However, the sequence information of CAS could not be found from the assembled unigenes probably because of the low expression level of CAS in the non-embryogenic callus. The expression pattern of KsSQEs and KsbAS in elicitor-treated cell cultures was analyzed by qRT-PCR. When the cell cultures were treated with MeJA or COR, no or low induction of KsSQEs was observed (Fig. 4) . However, the KsbAS transcript level in COR-treated cultures was 5.9 times higher than that in the mock control, and no significant induction in the KsbAS gene expression was observed in the MeJA-treated cultures. This expression analysis suggests that the enhanced expression of KsbAS is required for the accumulation of saponins in K. septemlobus. The elicitation of COR results in the accumulation of oleanane-type saponins can be hypothesized. To investigate our hypothesis, we analyzed the effect of elicitation on the accumulation of oleanolic acid, a precursor for oleanane-type triterpene saponins. The elicitation of COR achieved an oleanolic acid production of 2.3 μg/mg extract. Conversely, the oleanolic acid content was not detectable or was low in the mock control and MeJA-treated cell cultures (Table 2) , thus indicating a clear relationship between the expression pattern of KsbAS and the oleanolic acid production. Overall, these findings suggest that COR is a powerful elicitor for inducing saponin biosynthesis, especially oleanane-type triterpene saponins, in K. septemlobus cell cultures. 
Discussion
Given that K. septemlobus is used in oriental medicine to treat rheumatic arthritis, furuncle, dysentery, lumbago, and neuralgia (Hyun and Kim 2009) , the presence of valuable secondary metabolites, including hederagenin glycosides, in this plant has stimulated the interest of the cosmetic and pharmaceutical industries. However, the direct isolation of secondary metabolites from this plant is not economically feasible. Therefore, we established in this study that the cell suspension culture of K. septemlobus is an attractive alternative in producing valuable secondary metabolites. In the log phase, the accumulation of secondary metabolites was observed from the suspension-cultured cells of various plants (Ouyang et al. 2005; Liu et al. 2007; Sivanandhan et al. 2014) . Similarly, we observed the highest saponin production capacity of K. septemlobus cells in the log phase (Fig. 2b) , thus indicating that the productivity of secondary metabolites is dependent on the growth phase of the cells. An elicitor is defined as a substance that can stimulate any type of plant defense, and it is classified into chemical, biological, and physical elicitors (Giri and Zaheer 2016) . The treatment of elicitors effectively promotes the production of secondary metabolites from various plants and cultured cells (Giri and Zaheer 2016) . In the case of K. septemlobus cells, the enhanced production of total saponins was observed after treatment with COR, and the total saponin production was highly influenced by the treatment with COR than with MeJA (Fig. 3b) , which are commonly used to enhance saponin production from plant cell/hairy root cultures (Lu et al. 2001; Scholz et al. 2009; Kim et al. 2015; Rahimi et al. 2015; Ramirez-Estrada et al. 2016 ). In addition, the production of total saponins from the K. septemlobus suspension culture is highly dependent on the COR concentration. These findings indicate that elicitation is an effective approach for improving the production yield of secondary metabolites. Nevertheless, elicitor type, dose, and treatment schedule are critical factors affecting the response of the suspension-cultured cells to elicitation (Wang and Wu 2013) . COR, a phytotoxin produced by Pseudomonas syringae, has been successfully used as an effective elicitor to enhance the production of taxane from Taxus media and Corylus avellana cell cultures (Onrubia et al. 2013; Gallego et al. 2015) , alkaloid from Eschscholzia californica cell culture (Haider et al. 2000) , viniferins from Vitis vinifera cell culture (Taurino et al. 2015) , and hydroxycinnamic acids from Lemna paucicostata cell culture (Kim et al. 2017) . These indicate that COR has strong potential as an elicitor triggering functional secondary metabolite production in plant cell suspension cultures. COR is a molecular mimic of the isoleucine-combined form of jasmonic acid, indicating that COR consequently has a similar mechanism of action to the elicitor MeJA (Ramirez-Estrada et al. 2016) . Interestingly, COR usually activates the production of secondary metabolites in cell cultures at concentrations lower than MeJA (Onrubia et al. 2013; Gallego et al. 2015; Ramirez-Estrada et al. 2016) , which is similar to our observation (Fig. 3b) . In addition, COR-treated cells exhibited a higher level of KsbAS expression than MeJA-treated cells (Fig. 4) . A possible explanation for this phenomenon might be that COR is more stable than MeJA due to the rigid cis-orientation in its bi-cyclic skeleton (Heitz et al. 2012; Onrubia et al. 2013) , suggesting that COR exerts biological effects on plant at low concentration.
In conclusion, the overall results of the present study suggest that COR is a powerful elicitor for inducing saponin biosynthesis in K. septemlobus suspension culture. The analysis of oleanolic acid content and gene expression pattern indicates that KsbAS should be a major target gene for COR. These results are an important step toward improving the production yield of saponins in plant suspension cultures, and they provide an opportunity for intensive research on the modification of the COR structure to improve the biological activity of COR. 
